Post-implantation dosimetry is an important element of permanent prostate brachytherapy. This process relies on accurate localization of implanted seeds relative to the surrounding organs. Localization is commonly achieved using CT images, which provide suboptimal prostate delineation. On MR images, conversely, prostate visualization is excellent but seed localization is imprecise due to distortion and susceptibility artefacts. This paper presents a method based on fused MR and x-ray images acquired consecutively in a combined x-ray and MRI interventional suite. The method does not rely on any explicit registration step but on a combination of system calibration and tracking. A purpose-built phantom was imaged using MRI and x-rays, and the images were successfully registered. The same protocol was applied to three patients where combining soft tissue information from MRI with stereoscopic seed identification from x-ray imaging facilitated post-implant dosimetry. This technique has the potential to improve on dosimetry using either CT or MR alone.
Introduction
Prostate brachytherapy using permanent radioactive sources implanted under trans-rectal ultrasound guidance has become an established treatment for localized prostate cancer (Ash et al 1998 , Ellis 2002 , Langley et al 2004 . Recently software and equipment for prostate brachytherapy under magnetic resonance imaging (MRI) guidance have been developed for both permanent and temporary (high dose rate) brachytherapy, taking advantage of improved soft tissue imaging compared to computer tomography (CT) and ultrasound (Kooy et al 2000 , Susil et al 2004 .
Post-operative dosimetric evaluation of permanent implants is a key part of the process (Nag et al 2001) . This allows assessment of the quality of the implantation and provides prognostic information and technical feedback to the operator (Stock and Stone 2002) . Dosimetry requires localization of the radioactive seeds relative to the prostate, urethra and rectal wall. It is most commonly carried out by outlining the organs and marking the seeds on computerized tomography (CT) scans (Wallner et al 1995) . Although CT allows reliable detection of the metal seeds (except when closely grouped), images frequently do not permit accurate identification of tissue boundaries with a high degree of confidence (Rasch et al 1999) . Magnetic resonance imaging (MRI) provides excellent soft-tissue contrast but susceptibility artefacts lead to poor localization of the seeds. In order to overcome these problems, different groups have combined the two imaging modalities for dosimetry purposes (Amdur et al 1999 , Servois et al 2003 . Moerland et al (1997) underlined the difficulties of identifying closely packed seeds on MR images and proposed the use of MRI and a pair of isocentric x-ray radiographs for evaluation of I-125 prostate implants. The registration involved scaling the MR data set using ten seeds chosen on MR images as fiducial markers and matching them to seed locations reconstructed from the radiographs. One of the difficulties in this technique is to reliably pick the seeds on the MR images as other structures, mainly blood vessels, create signal voids similar to those produced by the seeds. Furthermore, this type of registration is known to be limited when fiducial markers are only present in the area of interest (Lemieux and Jagoe 1994) .
XMR suites, combining x-ray fluoroscopy and a horizontal bore MR scanner, have now been commercially available for a few years and have found applications mainly in endovascular interventions and neurosurgery (Martin and van Vaals 1999) . In such an environment it is possible to transfer the patient between the two imaging systems using a specially designed sliding table. Information from both modalities can be combined, therefore taking full advantage of the soft tissue contrast of MRI and accurate localization of radio-opaque objects with stereoscopic x-ray imaging (Rhode et al 2003) . Unlike CT/MR and the previously proposed x-ray/MR fusion techniques, this process does not rely on anatomical landmarks or the use of seeds as fiducial markers: rather, the registration process relies on a combination of calibration and tracking with no explicit registration step.
Using such combined information from x-ray and MR images it should therefore be possible to precisely identify the seed locations relative to the soft tissue structures of interest, hence, improving the accuracy of the post-implant dosimetry.
Experimental methodology
Experiments were carried out in a XMR interventional suite comprising a 1.5 T Intera MR scanner (Philips Medical Systems, Best, The Netherlands) and a BV Pulsera mobile cardiac x-ray set (Philips Medical Systems, Best, The Netherlands). This system allows the table to be moved in less than 60 s between the two imaging modalities.
Phantom work
A phantom was constructed consisting of a simulated prostate made from modelling clay (Plasticine, Flair Products PLC, Cheam, Surrey, UK) with 34 implanted dummy seeds (physically identical to the brachytherapy seeds, but not radioactive) embedded in polyacrylamide gel made from water and poly(acrylic acid) sodium salt (CAS-76774-25-9, Sigma Aldrich, Steinheim, Germany), all contained in a 10 cm cubic acrylic box. A further six seeds were positioned outside the simulated prostate, including two clusters of three and two seeds, respectively. The phantom was imaged using a two-element surface coil (Flex L, Philips Medical Systems, Best, The Netherlands) and the following clinical protocols:
• T 2 weighted turbo spin echo (TSE): 40 axial slices, matrix 256 × 256, slice thickness 4 mm, slice gaps 0.4 mm, turbo factor 17, field of view 200 mm, TE 120 ms, TR 4.9 s.
• T 1 weighted TSE: 42 overlapping slices (acquired in all three orthogonal orientations), matrix 256 × 256, slice thickness 5 mm, slice gap -2.5 mm, TE 14 ms, TR 550 ms, FOV 250 mm, rectangular field of view 70% (figure 1).
Images collected using both sequences were subsequently used for x-ray to MR registration (figure 2). X-ray imaging consisted of acquisition of three radiographic views (right anterior oblique (RAO), left anterior oblique (LAO) and anterior-posterior (AP)) and a fluoroscopy screening as the x-ray set was moved from the RAO to the LAO orientation.
Patient work
Study approval was granted by the local ethics committee and informed consent was obtained for all patients. Three patients were included in the study. All were imaged 4 weeks following transperineal implantation of Iodine-125 loose seeds (EchoSeed TM , Oncura, Amersham, UK) using the Potters intraoperative dynamic dose feedback technique with a prescription dose of 145 Gy (Potters et al 2003) . MR and x-ray imaging were identical to the phantom protocol. First, T 1 and T 2 weighted TSE images were acquired using a four-element body array coil (Philips Medical Systems, Best, The Netherlands). Patients were then transferred to the x-ray 
X-ray to MR registration
Although the commercial XMR system is designed to use both x-ray and MR imaging during a single scanning session, it does not provide the capability for registration of the images from the two modalities. The transformation that maps three-dimensional (3D) points in MR image space to two-dimensional points in x-ray image space is computed using techniques developed at our institution that use a combination of system calibration and tracking.
2.3.1. Tracking system. It is necessary to track the different moving components of the XMR system: x-ray C-arm, x-ray table and the sliding MR table top. The x-ray C-arm and the x-ray table are optically tracked by an Optotrak 3020 (Northern Digital, Ontario, Canada) using infrared emitting diodes (IREDs). Tracker objects, each consisting of an array of six IREDs, are affixed to both the C-arm and the x-ray table. The C-arm tracker is an aluminium plate that attaches to the image intensifier and the x-ray table tracker is an aluminium arm that attaches to the x-ray table side-rail. The sliding table is tracked by the MR system software while docked to the MR scanner; it becomes part of the x-ray table when docked to the x-ray system and is then tracked by the Optotrak. Further details of the set-up and tracking process are provided by Rhode et al (2003) .
Calibration.
Calibration of the system involves imaging a specially designed acrylic calibration object that consists of a half cylinder filled with saline solution and covered with 21 interchangeable fiducial markers positioned in a helical arrangement. Markers can be fluid-filled for MR imaging, or a divot taking a 3 mm diameter ball bearing (or the tip of an Optotrak pointing device) can be used for x-ray imaging of the calibration object.
The calibration object is mounted on a base plate that locks onto the table and is imaged using a T 1 weighted 3D gradient echo sequence (matrix 256 × 256 × 200, resolution 1.05 × 1.05 × 1.2 mm, TR 14 ms, TE 6 ms, flip angle 15
• ) with the fluid-filled cap markers in place. The positions of the 21 markers were found semi-automatically in the MR volume. The calibration object was then transferred to the x-ray system and the fluidfilled cap markers were replaced with the divot cap markers. The positions of the markers were determined using the Optotrak pointer in both of the two possible positions of the half cylinder. Ball bearings were inserted into the divots and 25 tracked x-ray views were acquired for a range of C-arm orientations using a 14 cm field-of-view. These data were then used to compute the positional relationship between the MR scanner and the x-ray system, the perspective projection parameters of the x-ray system, and the translation vector of the sliding table. Once the system was calibrated, it was possible to register any MR image acquisitions to x-ray image acquisitions. Full details of the calibration are given by Rhode et al (2005) .
Registration.
Although the system is capable of real-time registration, image fusion was carried out off-line for both phantom and patient. The position of each seed was extracted from a pair of the acquired radiographic images, e.g. LAO and RAO (figure 3), by manually clicking on corresponding seeds. When there was ambiguity in the exact correspondence, the operator was able to refer to a fluoroscopic sequence created by continuous screening while the C-arm was rotated between the two views. The coordinates of each seed were transformed into MR space coordinates and the voxel with the nearest coordinates was marked on the MR images. A list of all the seed positions in all the slices was also generated allowing the operator to check if more than one seed was registered to the same MR voxel.
For the phantom, 3D displays were produced by showing the positions of the seeds within a rendering of the prostate segmented using Analyze (Mayo Clinic, Rochester, MN, USA). 
Dosimetry
The MR images with the marked seed locations were used to calculate doses using standard dosimetry software (VariSeed 7.1, Varian Medical Systems, Charlottesville, VA, USA).
Results

Phantom work
Axial TSE scans suffered from minor susceptibility artefacts. However, it was possible to visualize cross sections of individual seeds on axial cuts ( figure 1(A) ). Seeds are usually implanted in a line, and on sagittal or coronal reformatting of axial multi-slice data it was impossible to differentiate between individual seeds due to volume averaging and seeds appeared as a single line of signal void ( figure 1(B) ). On sagittally or coronally acquired images, susceptibility artefacts, with the usual pattern of signal loss combined with signal enhancement, made it hard to differentiate between individual seeds (figure 1(C)). It was also possible to visualize the seeds placed outside the prostate; however, it was not possible to determine the number of seeds included in each cluster ( figure 1(D) ).
MR and x-ray images were successfully registered. The marked positions of the seeds correlated well with the signal voids on the MR images (figure 2).
Patient work
Clinical prostate protocols were judged to be of satisfactory diagnostic and anatomical image quality by a trained urologist. Using the x-ray to MR fusion algorithm it was possible to register the seeds imaged by x-ray onto the MR volume, which was then transferred onto Varian software (figure 4). All the marked seed positions correlated with signal voids on the MR images. Many voids were noted on MRI that did not correspond with seeds and are likely to be due to blood vessels. The prostate, urethra and rectum were outlined by a clinical oncologist, and the seeds were manually marked using the computer planning program. Successful dosimetric analysis was then carried out using the software, giving standard dosimetric values (table 2) , isocontour images and 3D visualization of the seeds and relevant organs (figure 4). For all patients the implants were deemed satisfactory in terms of the dosimetric values generated (D90s above 90% (Potters et al 2001) , which correlated with intraoperative values.
Discussion
Although some groups have used solely MRI for post-implant dosimetry (Dubois et al 1997) , more recent studies were unable to replicate those results (Amdur et al 1999) . In this study, phantom experiments clearly demonstrated that due to signal artefact and volume averaging it is not possible to reliably differentiate individual seeds using MRI. In patients the difficulty of seed identification is further increased by the presence of blood vessels, which create signal voids similar to the seeds. Consequently, it would not be possible to carry out accurate dosimetry solely using MR images. Using two isocentric x-ray radiographs and a fluoroscopic video it was possible to identify all seeds, including the ones placed in close clusters, and successfully to register and mark the centre of each seed on the MR images.
Although the seeds were manually picked the process could be fully automated using a detection algorithm based on morphological operators.
Registration errors for this method are of the order of 2 mm (Rhode et al 2003 (Rhode et al , 2005 : this is comparable to errors in the CT/MR fusions using the seeds as fiducial markers and slightly better than the methods using boney landmarks (Amdur et al 1999 , Servois et al 2003 . Unlike those methods, this technique does not rely on the images themselves to generate the transformation between x-ray and MR coordinates. Although the full calibration process can be lengthy (typically 3 h), the calibration is stable and only had to be carried once at the beginning of the project. Checking calibration accuracy before each patient session only takes 5 min.
The XMR scanning session took an average of half-an-hour; this is longer than a conventional pelvic CT (5-10 min) but patients did not express any discomfort. Patients received an effective dose equivalent (calculated using conversion coefficients from the literature Hart et al (1994) ) of less than 0.5 mSv compared to an average of 10 mSv for a pelvic CT scan (Rosenstein 1988) .
For safety reasons, MRI (and hence the XMR method) cannot be carried out on some patients (e.g. those with pacemakers). Patients with hip replacements where the prostate MR images are not badly affected by image artefacts would benefit from this technique, as in such cases CT scans are badly degraded and are not suitable for dosimetric analysis.
Conclusion
By combining the soft tissue definition of MR imaging and the seed localization accuracy of stereo radiograph imaging we have successfully localized both the prostate and the individual implanted seeds in a phantom and in three patients. This technique offers the potential for quick and accurate prostate brachytherapy post-implant dosimetry, improving on CT methods where it is difficult to identify the prostate and to differentiate between individual seeds. However, to be widely used in a clinical set-up the post-implant dosimetric results would need to be compared to the current gold standard (CT) in a larger cohort of patients.
